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Abstract 
The objectives of this study were: (1) to evaluate the method used for estimating the neuromuscular 
fatigue threshold from surface electromyographic amplitude (the PWCFT test) during a single 
incremental cycling workout using 1-min exercise periods, and (2) to investigate the possible 
associations between PWCFT and metabolic (onset of blood lactate accumulation, OBLA) and 
ventilatory (ventilatory threshold, VT, and respiratory compensation point, RCP) variables. Sixteen 
cyclists performed incremental cycle ergometer rides to exhaustion with bipolar surface sEMG signals 
recorded from the vastus lateralis. Subsequently, participants performed one constant-workload 
exercise test at 100 % of their PWCFT. During the incremental test, the power output at PWCFT was not 
correlated with that of OBLA (P>0.05), but it was positively correlated with those of VT and RCP 
(P<0.05). During the constant-workload test, heart rate and blood lactate increased progressively and 
significantly (P<0.05), whereas sEMG amplitude remained unchanged (P>0.05). The average duration 
of the constant-workload exercise was 8-9 min. It is concluded that application of the PWCFT method 
using 1-min exercise periods could lead to overestimation of the neuromuscular fatigue threshold most 
likely because this stage duration allows insufficient time for the sEMG response to manifest. 
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Introduction 
 Extensive research has been directed towards the identification of the threshold that demarcates 
fatiguing from non-fatiguing exercise during an incremental workout on a cycle ergometer.
1,2,3
 Several 
fatigue thresholds based on metabolic variables (onset of blood lactate accumulation, OBLA) and 
ventilatory measurements (ventilatory threshold, VT, and respiratory compensation point, RCP) have 
been used for this purpose.
4,5
 As the exercise intensity increases, fatigue compromises not only the 
cardiovascular and respiratory systems, but also the neuromuscular system. Specifically, the 
neuromuscular system counteracts the increasing fatigue by recruiting additional motor units and 
increasing the discharge rate,
6
 as a result of which the amplitude of the surface electromyographic 
(sEMG) signal increases.
7
 Precise identification of the neuromuscular fatigue threshold is of vital 
importance as it would allow comparison of fatigue states in the cardiovascular and neuromuscular 
systems. 
 
 In a series of studies, deVries and colleagues 
1,7
 proposed a method for calculating the threshold of 
fatigue (the Physical Work Capacity at the Fatigue Threshold, PWCFT), which consists of examining 
the sEMG amplitude vs. time relationship obtained during 4 workbouts performed at 4 different power 
outputs. The authors identified the PWCFT by determining the highest power output that can be 
sustained for an exercise period of 2 min without a significant increase in sEMG amplitude. In its 
original conception, the deVries model was a discontinuous method which requires multiple visits to 
the laboratory. Subsequently, deVries et al. (1990) 
8
 performed a further refinement of the method, 
which allowed the fatigue threshold to be determined from a single (i.e., continuous) incremental test 
to exhaustion. Recently, the PWCFT test has been renamed as “EMGFT test” by some authors,
9,10
 
leading to some confusion. 
 
 The deVries method (1990)
8
 is normally performed using exercise periods of 2 min. This stage 
duration was chosen on the grounds that “it ensures the linearity of the sEMG vs. time regression 
lines”.
7
 Validation of the deVries method with 2-min stage duration was already performed by Briscoe 
et al. (2014) and, recently, Camic et al. (2010) provided the estimates of PWCFT using the deVries test 
with 2-min exercise periods. However, many researchers interested in assessing the physiological 
responses of cyclists perform the incremental test using 1-min workbouts.
3,11,12,13,14
 Therefore, it would 
be interesting to test the applicability of the deVries method using a shorter (1-min) time period. 
Moreover, it would be valuable to compare the estimates of PWCFT resulting from the 1-min stage 
duration study with the results reported in Briscoe and Camic studies. Furthermore, in many studies 
investigating the occurrence of the metabolic and ventilatory thresholds during an incremental test, the 
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successive exercise periods have 1-min duration.
11,12,13
 Therefore, the possibility of extracting, from a 
single incremental cycling test, both the metabolic/ventilatory and sEMG-based fatigue thresholds is 
attractive from a practical point of view and, therefore, should be explored. 
 
 Recently, Briscoe et al. (2014) demonstrated that application of the deVries method with 2-min 
exercise periods provides a valid measure of neuromuscular fatigue, i.e., the assessment of PWCFT was 
not overestimated. On the other hand, Evetovich et al. (1996) 
15
 evaluated the deVries model using 
stage durations of 2, 3, and 4 min and found that the power output at which the PWCFT is reached 
increased with shorter exercise periods. Collectively, these results prompted us to explore the 
possibility that application of deVries method with 1-min stages may lead to overestimation of the 
neuromuscular fatigue threshold. 
 
 It is important to understand the relation between the PWCFT estimate and other estimates of fatigue 
threshold (e.g. OBLA, VT, RCP). Previous studies examining these relationships have yielded 
conflicting results. For example, various authors found significant correlations between lactate 
accumulation and the occurrence of an inflection point in the sEMG activity,
16,17
 whereas others found 
no significant correlation.
18,19
 Similarly, while some authors reported significant correlations between 
ventilatory thresholds and PWCF,
20
 others found no connection between these variables.
21
 Recently, 
Camic et al. (2010) 
2
 found that ventilatory thresholds were not correlated with the sEMG threshold in 
the time domain (i.e., PWCFT), but that these ventilatory indicators were positively associated with a 
new sEMG-based threshold in the frequency domain (namely, MPFFT). 
 
 Based on the experiments of Evetovich and co-workers we hypothesized that application of deVries’ 
model using 1-min stage durations would yield a PWCFT estimate close to the severe exercise intensity 
domain. The objectives of the present study were: (1) to evaluate the applicability of the PWCFT test 
proposed by deVries using 1-min exercise periods, and (2) to examine the relationships between 
metabolic/ventilatory and sEMG-based fatigue thresholds during incremental ergometer cycling. 
Evaluation of the de Vries method with 1-min workbouts was performed by having participants 
perform a constant workload ride at 100% of the estimated PWCFT. 
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2. Material and Methods 
Participants 
 Sixteen male semi-professional cyclists volunteered to participate in the study. Their anthropometric 
and physical characteristics are given in Table 1. The study was conducted in accordance with the 
Declaration of Helsinki, and was approved by the Ethics Committee of the Public University of 
Navarra. Written informed consent was obtained from all participants before inclusion. Participants 
were asked not to take part in vigorous physical activity for 2 days prior to their test date. 
 
 The participants were road cyclists engaged in regular training and amateur road races. On average, 
all cyclists trained at least four times a week covering a weekly distance ranging between 400 and 600 
km, plus competition or Sunday training. Cyclists had a national competitive experience of 4.3 (1.7) 
mean (SD) years and had performed an average of 20,000 km riding (range 16,000–24,000 km) during 
the last season. None of the participants reported any injuries or pathologies of limb muscles or joints. 
 
Screening session 
 Cyclists underwent a blood test screening prior to participation to check for anemia and possible 
infections. Blood samples were collected by antecubital venipuncture with Vacutainer system. Red 
blood cell, white blood cell, platelets, hemoglobin, and hematocrit were determined on a Coulter 
Counter (model MAX-M). Serum biochemical parameters (glucose, urea, uric acid, creatinine, creatin 
kinase, lactate dehydrogenase, aspartate transaminase, alanine transaminase, aldolase, total proteins, 
cholesterol and electrolytes) were measured using coupled enzyme reactions on an automatic 
autoanalyzer (Hitachi 917, Japan). Subsequently, participants were asked to attend an orientation 
session to become familiarized with the testing apparatus and procedures. All tests were performed on 
a custom-made cycle ergometer. The participants were required to bring in the saddle, pedals and 
cycling shoes from their normal road bicycle. The saddle and pedals were installed on the cycle 
ergometer. A submaximal incremental test was then performed on the cycle ergometer to familiarize 
the cyclists with the experimental protocol. 
 
Maximal cycle ergometer test 
 Participants performed an incremental test to exhaustion on a SRM powermeter (science SRM, SRM 
GmbH, Germany). The SRM unit consisted of a potentiometer (Powermeter V Science Road Version) 
connected to a recording system (Powercontrol V). Analysis Software was SRM Training System. 
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Pedal cadence was maintained at 70 rev·min
-1
 during the test, similar to that used in previous studies.
17
 
For each participant, saddle height and saddle setback were adjusted jointly so that the following 
criteria were fulfilled: (1) the knee angle in the bottom dead centre position of the pedal was, at most, 
150º, and (2) knee joint was positioned above the pedal spindle when the crank arm was in horizontal 
forward position.
11
 Before the incremental exercise test started, cyclists performed 5 min of unloaded 
cycling. The test was initiated at a workload of 125 W and the load was increased by 25 W every 1 
minute until the participants could no longer continue to exercise. At this time, the power achieved was 
referred to as the maximal power. Heart rate was monitored telemetrically using a Polar Heart Watch 
system (Polar 610 Plus, Polar Electro Oy, Kempele, Finland). 
 
Analysis of expired gas and determination of ventilatory thresholds (VT and RCP) 
 During the incremental exercise, breath by breath analysis was performed using a turbine flow-meter 
connected to a face mask (dead space: 30 ml). A side pore of the face mask was connected to fast-
response differential paramagnetic oxygen and infrared carbon dioxide analyzers. Throughout the 
incremental test, the software (Oxycon PRO, Carefusion, Germany) averaged, for 5 consecutive 
seconds, data of oxygen uptake ( O2) and carbon dioxide production ( CO2) and ventilatory 
parameters, as well as the ventilatory equivalents for O2 (EqO2 = E/ O2) and CO2 (EqCO2 = 
E/ CO2). The ventilatory threshold (VT) was determined using the criteria of an increase in the 
ventilatory equivalent for oxygen ( E/ O2) with no increase in the ventilatory equivalent for carbon 
dioxide ( E/ CO2) and the departure from linearity of E.
22
 The respiratory compensation point 
(RCP) corresponded to the minimal work rate at which the increase in E/ O2 was accompanied by a 
parallel increase of E/ CO2.
23
 A test-retest reliability study was conducted for the purpose of 
determining the stability of the performance of our participants. This method was used to determine 
the intraclass correlation coefficient (ICC). The repeat study was performed on a second day on six 
participants (those who lived close to the laboratory where experiments were conducted). 
 
Analysis of blood lactate and determination of lactate threshold (OBLA) 
 Blood samples (25 µl) were taken from fingertips at rest, every two minutes during the test (i.e, every 
two workbouts), and 30 s after termination of exercise. Lactate concentration was measured from these 
blood samples using an automatic analyzer (YSI Model 1500 Sport, Yellow Springs, USA). OBLA 
was calculated as the power output corresponding to a blood lactate concentration of 4.0 mmol/L.
24
 
 
Electromyography 
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 Surface EMG signals were recorded using a pair of circular electrodes Ag/AgCl electrodes (Kendall 
Meditrace 100, Tyco, Canada) arranged in bipolar configuration. The electrodes had a recording 
diameter of 10 mm and were separated by a distance of 20 mm (measured from the nearest lateral 
borders). The electrodes were placed on the dominant leg over the vastus lateralis muscle at one-third 
of the distance between the lateral border of the patella and the anterior superior iliac spine according 
to the SENIAM (Surface EMG for Non-Invasive Assessment of Muscles) guidelines.
25
 Before 
electrode placement, the skin was adequately prepared (light abrasion with sandpaper and cleansing 
with rubbing alcohol). The electrodes and cables were secured with surgical tape and cloth wrap to 
avoid movement-induced artifacts. Surface EMG signals were recorded using MP150 equipment 
(BIOPAC, Goleta, CA, USA). Raw sEMG signals were amplified with a bandwidth frequency ranging 
from 10 to 1000 Hz, and digitized online at a sampling frequency of 1000 Hz using the analog-to-
digital conversion system of MP150. 
 
Determination of PWCFT 
 The PWCFT was calculated using the method of deVries et al. (1990).
8
 This method is briefly 
described as follows. During each 1-min workbout of the incremental test, consecutive sEMG epochs 
(each epoch representing a 128-ms interval chosen during the active period of the vastus lateralis in a 
single pedaling cycle) were recorded. The first 15s of each 1-min exercise period were not considered 
since, at the beginning of each period, the cyclist made slight postural adjustments in order to match 
the target power output and to maintain the required pedal cadence. For each power output of the test, 
the sEMG amplitude of each of the epochs was calculated and represented vs. time (see Fig. 1 for an 
example). Then, we identified the lowest power output that resulted in a significant positive slope 
coefficient (P < 0.05 in a single-tailed t test) for the sEMG amplitude vs. time relationship and the 
highest power output that gave rise to a non-significant slope coefficient (P > 0.05). The PWCFT was 
determined by averaging the above-mentioned power outputs (Fig. 1). 
 
Constant-workload exercise test 
 Based on the estimated PWCFT from the incremental ergometer test, each participant performed one 
constant-workload exercise test at the power output corresponding to 100 % of their PWCFT. During 
the test, participants were asked to maintain a pedal cadence of 70 rev·min
-1
 at the selected power 
output for as long as they could. Termination of the test was based on the participant’s inability to 
maintain 70 rev·min
-1
 despite strong verbal encouragement. The Constant-workload exercise test was 
performed one (13 participants) or two (3 participants) days after the incremental test. This resting 
period ensured full recovery in all participants. 
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Data analysis 
 Data were first analysed with commercially-available software (AcqKnowledge, BIOPAC Systems, 
Goleta, CA, USA) to monitor for any abnormality in sEMG traces. Subsequently, data were exported 
to Matlab (version R2012b; The Math-Works, Natick, MA, USA) for quantitative analysis using a 
number of custom scripts. The sEMG signals were filtered using a digital bandpass filter (fourth-order 
Butterworth) between 15 and 1000 Hz. The root mean square (RMS) was used as an index of the 
global sEMG amplitude and was calculated for each epoch. The sEMG epoch for each pedal thrust 
(descending phase of the pedaling cycle) was chosen from the sEMG bursts, i.e., when the vastus 
lateralis was active. Each sEMG epoch corresponded to a fixed part of a single pedaling cycle, as 
performed by Dimitrov et al. (2006).
26
 Hence, for each exercise period of the test, 52 values of sEMG 
RMS were calculated (i.e., one for every pedal cycle during 45s at 70 rev·min
-1
) and analyzed as a 
function of time. 
 
 For the constant-workload exercise test, the sEMG amplitude, heart rate, and blood lactate data were 
expressed in relative terms (as a percentage relative to the highest value attained during the 
incremental test (% max)) in the tables and also in absolute terms in the figures. The time recorded for 
constant-workload test was normalized as a percentage of total duration. To investigate the behaviour 
of the muscle activity during the constant-workload exercise, the slope coefficient of the sEMG 
amplitude vs. percentage of normalized time was calculated. 
 
Statistics 
 Statistical analysis was performed using SigmaPlot. Kolmogorov-Smirnov tests confirmed that each 
parameter analysed in the study (PWCFT, OBLA, VT, and RCP) was normally distributed. The slope 
coefficient for each exercise period was calculated from the sEMG amplitude vs. time relationship. To 
determine whether this slope coefficient was significant, linear regression analysis was performed. 
Mean and standard deviation values were calculated for the fatigue thresholds studied (PWCFT, OBLA, 
VT, and RCP). One-way repeated-measures ANOVA was used to determine whether there were 
significant differences in average power output among the PWCFT, OBLA, VT, and RCP. When 
differences were significant, Tukey's post hoc test was used. Pearson correlation coefficients (r) were 
calculated to determine the relationships among PWCFT, OBLA, VT, and RCP. One-way repeated-
measures ANOVA was performed to investigate the time-dependent changes (factor = time) of blood 
lactate, heart rate, and sEMG amplitude within the constant-workload test. When differences were 
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significant, Tukey's post hoc test was used. Test–retest reliability was calculated using the ICC. 
Significance was set at P < 0.05. 
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3. Results 
3.1 Fatigue thresholds of metabolic/ventilatory and sEMG variables during the incremental test 
 For all participants, sEMG amplitude increased progressively over the course of the incremental test 
as a sign of increasing motor unit activation. Figure 1 provides a representative example of the changes 
in sEMG amplitude during the incremental exercise in one cyclist. As can be seen, sEMG increased 
slowly at a constant rate from the onset of the protocol until the last three exercise period of the test, 
when the increase became steep and pronounced. In Fig. 1(b), the regression lines of the sEMG 
amplitude vs. time relationship are shown separately for each power output of the test. As can be seen, 
the regression lines corresponding to the low and medium workloads were practically horizontal, and 
only for the last three power output did the slope of the regression line become significant. 
 
▬ FIGURE 1 about here ▬ 
 
 Table 1 provides the values of the physiological characteristics of the participants calculated from the 
incremental test. As expected, semi-professional cyclists exhibited high values of O2peak and VT and 
RCP. The maximal power tolerated 406 (36) W was also high. Note that some of the physiological 
variables shown in Table 1, such as heart rate and blood lactate, were measured at the end of the 
incremental test. 
 
▬ TABLE 1 about here ▬ 
 
 
 The power output corresponding to PWCFT (mean ± SD, 372 ± 25) was comparable to that of RCP 
(381 ± 36, P=0.42), but significantly higher than that of VT (337 ± 31, P<0.05) and OBLA (306 ± 32, 
P<0.05). The power output associated to VT was also significantly higher than that of OBLA (P<0.05). 
 
 Table 2 shows the correlations among the power outputs corresponding to OBLA, VT, RCP and 
PWCFT. As can be seen, the lactate threshold was not significantly related to VT, RCP and PWCFT 
(P>0.05). However, PWCFT was significantly correlated with VT (r = 0.78, P<0.05) and with RCP (r = 
0.85, P<0.05). The two ventilatory thresholds were also significantly associated (r = 0.87, P<0.05). 
 
▬ TABLE 2 about here ▬ 
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 Test–retest reliability for O2peak yielded an intraclass correlation coefficient (ICC) of R = 0.95, with 
no significant differences between test and re-test values. 
 
3.2 Metabolic/ventilatory and sEMG variables during the constant-workload test 
 Individual analysis of the sEMG amplitude - time relationship revealed that, for most cyclists (12 of 
16), sEMG amplitude remained approximately stable during most part of the constant-workload test 
and underwent a slight increase towards the end of the test. One representative example of this 
behaviour is provided in Fig. 2. In 2 cyclists a negative trend in sEMG amplitude vs. time was 
observed and, in another 2 cyclists, sEMG amplitude increased progressively over the course of the 
test. Group analysis of the sEMG - time relationship indicated that sEMG amplitude remained 
unchanged during the constant-workload test [Fig. 3(a)]. The slight increase in sEMG towards the end 
of the test did not reach statistical significance and, in fact, the slope coefficient of the sEMG 
amplitude vs. percentage of normalized time was nearly zero. 
 
 The mean time to exhaustion during the constant-workload test is shown in Table 3. Group analysis 
of the heart rate - time relationship showed that heart rate increased progressively throughout the 
constant-workload test [Fig. 3(b)], this increase being significant during the second half of the test 
(P<0.05). It is noteworthy that the heart rate at the end of the constant-workload test was roughly the 
same as the one reached during the incremental test (Table 3). Blood lactate also increased rapidly and 
significantly during the constant-workload exercise [Fig. 3(c)]. Lactate levels at the end of the constant 
test were slightly lower than those reached in the incremental test (Table 3). 
 
▬ FIGURE 2 about here ▬ 
 
▬ FIGURE 3 about here ▬ 
 
▬ TABLE 3 about here ▬ 
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4. Discussion 
4.1 Comparison between sEMG-based fatigue thresholds and metabolic/ventilatory thresholds 
 One of the purposes of the present study was to determine whether the PWCFT derived from the 
incremental test with 1-min stages was associated with fatigue thresholds determined via blood and gas 
exchange analysis. The main findings connected with this purpose were: (1) the power output at 
PWCFT was similar to that of RCP, but significantly higher than those of VT and OBLA, and (2) The 
power output at PWCFT was not correlated with that of OBLA, but it was positively correlated with 
those of VT and RCP. 
 
 During the course of an incremental workload test, a gradual rise in sEMG amplitude is observed, 
mainly as a result of two strategies adopted by the neuromuscular system to counteract the 
development of fatigue: a progressive recruitment of additional motor units and a rise of discharge rate 
.
6
 Many authors conjectured that fatigue-induced increases in sEMG activity might be due to the 
accumulation of metabolic byproducts of muscular contraction (i.e., lactate, hydrogen ions, potassium, 
and inorganic phosphate). The reason is that these metabolites have been proposed to be responsible 
for manifestations of local muscle fatigue, such as loss of membrane excitability 
27
 and impaired 
excitation–contraction coupling.
28
 However, the specific metabolites that underlie fatigue-induced 
changes in sEMG amplitude have not been clearly identified.
27
 Some investigators postulate that the 
decrease in intracellular pH caused by lactate accumulation generates the physiological signal that 
triggers the recruitment of additional motor units.
 29,30
 Indeed, the accumulation of lactate has been 
suggested as the main contributor to the fatigue-related increases in sEMG amplitude.
31
 
 
 We showed that PWCFT was significantly higher than OBLA, indicating that blood lactate 
concentration had already begun to increase in a nonlinear fashion before the sEMG breakpoint had 
been surpassed. More importantly, we found no significant correlation between the power outputs 
corresponding to PWCFT and OBLA. Therefore, collectively, our data indicate that, during a single 
continuous incremental test, blood lactate accumulation may not have a direct effect on the recruitment 
of additional motor units and/or on the onset of neuromuscular fatigue. Our results support the study of 
Viitasalo and colleagues 
32
 who reported no associations between the sEMG vs. time curves and the 
anaerobic threshold (OBLA in our study). Moreover, the lactate hypothesis was also challenged by the 
finding that, during incremental treadmill running, the lactate threshold was not related with the 
occurrence of an inflection point in the sEMG activity.
19
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 The possible associations between ventilatory thresholds (VT and RCP) and sEMG-based fatigue 
thresholds have also been the subject of research. Our results indicated that the power output 
corresponding to PWCFT was similar to RCP, but significantly higher than VT (Tables 2 and 3). These 
results are not in line with the findings of Glass et al. (1998) 
33
 and Lucia et al. (1999), 
17
 who reported 
that, for the vastus lateralis and rectus femoris, the power ouput at sEMG threshold was similar to that 
corresponding to VT. Consistent with this, Camic et al. (2010) 
2
 found that, when the deVries method 
was applied using 2-min stages, the power outputs at PWCFT and VT had comparable values. 
Therefore, one plausible explanation for the high values of PWCFT reported in the present study could 
be the short duration of the exercise periods. Indeed, it might be that, with 1-min periods, higher 
workload would be necessary to induce a significant increase in sEMG amplitude, as compared to 
longer exercise periods. 
 
 We found significant positive correlations between PWCFT and both ventilatory indicators (VT and 
RCP). This positive association might suggest that PWCFT and ventilatory thresholds are linked to a 
common physiological mechanism of fatigue. One possible candidate could be interstitial and/or 
arterial [K
+
], as this metabolite has been shown to change concurrently and in the same direction as 
ventilatory variables.
34
 In addition, animal studies indicate that group III-IV muscle afferents, which 
activation leads to the stimulation of the respiratory neurons, may detect potassium outflow from 
muscle fibres.
29
 Furthermore, elevated levels of interestitial [K+] has been linked to signs of peripheral 
muscle fatigue 
35
 and, therefore, an increase in [K+] might result in an increase in descending drive 
onto the motoneuron pool, necessary for the recruitment of additional motor units. 
 
4.2 Evaluation of the sEMG-based model of deVries using 1-min exercise periods 
 We found that, during the constant-workload test performed at 100% of PWCFT, heart rate and blood 
lactate increased progressively and significantly, whereas sEMG amplitude remained unchanged. In 
addition, we found that the average duration of the constant-workload exercise was 8-9 min.  
 
 In the present study, the PWCFT was calculated by applying the deVries method using 1-min exercise 
periods (instead of the 2-min periods used in the original work of deVries and co-workers). Our results 
showed that sEMG amplitude did not significantly increase during the constant-workload exercise at 
100% of PWCFT. Moreover, for 2 participants, sEMG amplitude exhibited a decreasing trend over the 
test period. It is noteworthy that, in our cyclists, the 100% of PWCFT corresponded to 91% of the 
maximal power output calculated from the incremental test. This high exercise intensity was most 
likely in the heavy exercise intensity domain, as evidenced by the fact that the constant-workload 
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exercise could be maintained for a short period of time (between 8 and 9 minutes for most 
participants). This short endurance times suggests that application of deVries’ model using 1-min 
workbout durations might result in an overestimation of the fatigue threshold. 
 
 In the current study, heart rate and blood lactate concentration were also monitored during the 
constant-workload test. Interestingly, we found that the heart rate at the end of the constant test was 
about 94% of the maximal heart rate observed during the incremental test, which might explain why 
cyclists could not sustain the 100%-PWCFT workload for a prolonged period of time (less than 10 
min). This result is consistent with the study of Wagner and Housh (1993) 
36
 who proposed a heart rate 
fatigue threshold of approximately 110 beats min
-1
, which should be maintained (theoretically) 
indefinitely. Furthermore, several authors agree that exercise tasks during which heart rate exceeds 130 
beats min
-1
 would result in the onset of fatigue.
37
 Based on the aforementioned studies, we conclude 
that the elevated heart rates found at the end of the constant-intensity test (between 178 and 195) 
reflect a high level of fatigue in our cyclists. Whereas the heart rate data suggest that the 
cardiovascular system was seriously compromised during the constant-workload task, the lack of a 
significant increase in sEMG amplitude may indicate that the neuromuscular fatigue of the vastus 
lateralis (as assessed by sEMG) was not a major limiting factor in performance. This means that 
participants reached volitional exhaustion before the vastus lateralis reached a critical level of fatigue, 
as witnessed by the relatively constant sEMG amplitude. This lack of correspondence between the 
heart and leg muscles for the same exercise intensity may underlie dissociation between the 
cardiovascular (heart rate modulation) and neuromuscular (muscle activity) factors involved in fatigue. 
In this respect, our results are in agreement with previous studies which showed that the fatigue 
threshold estimated from the heart rate response was significantly lower than that estimated from the 
sEMG response.
10,38
 
 
 Similar to heart rate, blood lactate increased significantly over the course of the constant-workload 
test at 100% of PWCFT and, at the end of this test, lactate was only slightly lower (93%) than the 
maximum value reached during the incremental exercise. Despite these high values of lactate 
concentration, sEMG amplitude did not increase significantly towards the end of the constant test. 
Moreover, the lack of correlation between the lactate and sEMG curves suggests that either group III–
IV muscle afferents are not as sensitive to changes in intracellular pH as some conjectured (Kaufman 
and Rybicki 1987) or their influence on alpha motoneurons is counteracted or masked by other 
processes (see below). In the light of these results, the widespread hypothesis that fatigue-induced 
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increases in sEMG activity might be due to the accumulation of metabolic byproducts in the muscle 
may need to be revisited.
17
 
 
 An unexpected finding of the current work was the absence of a significant increase in sEMG 
amplitude during the constant test, although this test was performed in the severe intensity exercise 
domain. This finding, however, should not be considered unusual 
39
 and is probably related to the fact 
that sEMG amplitude is influenced by factors other than motor unit recruitment, such as firing rate 
and/or the level of synchronization between motor units. Indeed, it is well known that firing rate 
decreases over the course of a fatiguing task.
6
 Then, the expected increase in sEMG amplitude 
throughout the constant test caused by additional motor unit recruitment could have been offset by the 
decrease in firing rate. 
 
 The above reasoning could also explain the high estimate of PWCFT obtained from the incremental 
test with 1-min stage durations. It is certainly possible that, at the beginning of each new power output 
during the incremental test, discharge rate undergoes a further decline within the first 30 s (as 
suggested by Bigland-Ritchie and Woods 1984)
40
, thereby neutralizing the fatigue-induced increases in 
sEMG during the initial part of the workbout. With longer exercise periods (2 min and longer), firing 
rate might remain approximately stable after the first 30 s of each period, thereby allowing the 
increases in sEMG amplitude to manifest clearly. Consequently, exercise periods of 1-min duration 
would be too short to detect clear sEMG signs of neuromuscular fatigue. 
 
 One possible reason for the different responses of physiological (heart rate and blood lactate) and 
neuromuscular (sEMG) variables during the constant-workload task is that, for a population of highly 
trained cyclists, the onset of quantifiable local muscle fatigue might occur at exercise intensities close 
to the maximal power output, as suggested by a recent study.
41
 Indeed, it is plausible that trained 
cyclists might have developed a tolerance to muscle fatigue, for example by adopting specific muscle 
activation patterns. This explanation is consistent with the work of Takaishi et al. (1998),
42
 who 
showed that the activation of the vastus lateralis, vastus medialis and biceps femoris was significantly 
different between trained and untrained participants. Consequently, it might well be that, in highly 
trained cyclists, termination of the exercise is due to cardiovascular limitations (for instance, inability 
to provide oxygen to the working muscles) which occur before neuromuscular fatigue becomes evident 
and measurable. 
 
5. Conclusions 
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 In summary, the present study indicates that application of the PWCFT method proposed by deVries 
using 1-min exercise periods could lead to overestimation of the neuromuscular fatigue threshold 
(PWCFT). This conclusion is inferred from the observation that during the constant-workload test 
performed at 100% of PWCFT heart rate and lactate concentration increased progressively and 
significantly and also from the fact that this constant-workload test was maintained for only 8-9 min. It 
is suggested that the neuromuscular fatigue threshold cannot be estimated from an incremental test 
with 1-min workbouts because this stage duration allows insufficient time for the sEMG response to 
manifest. 
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(Fig. 1) 
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     Variables  Mean (SD)  Range 
Age (years)  21.7 (2.9)  18.3 – 28.5 
Body weight (Kg)  71.3 (4.9)  62.4 – 79.4 
Height (m)  1.81 (0.06)  1.71 – 1.92 
VT (L min-1)  3.3 (0.6)  1.9 – 4.4 
RCP (L min-1)  4.6 (0.5)  3.4 – 5.6 
O2peak (L min
-1)  5.1 (0.4)  4.5 – 5.9 
Heart rate at end of exercise (beats min-1)  198 (8)  183 – 212 
Blood lactate at end of exercise (mmol L-1)  12.1 (5.0)  7.7 – 14.8 
sEMG amplitude at end of exercise (µVrms)  572 (59)  369 – 843 
Power at end of exercise (W)  406 (36)  325 – 450 
 
 (Table 1) 
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      Variables  OBLA (W) VT (W) RCP (W) PWCFT (W) 
OBLA (W)  1.00    
VT (W)  0.28 1.00   
RCP (W)  0.42 0.87 * 1.00  
PWCFT (W)  0.31 0.78 * 0.85 * 1.00 
 
 (Table 2) 
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    Variables  Constant-workload test  
Duration of the test (s)  513 (54)  
Power (W)  372 (27)  
sEMG amplitude at the end of exercise (%max)  72 (5)  
Heart rate at the end of exercise (%max)  95 (4)  
Blood lactate at the end of the exercise (%max)  93 (5)  
 
 (Table 3) 
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LEGENDS 
Fig. 1 Representative example of the method for estimating the neuromuscular fatigue threshold using 
the surface EMG amplitude (PWCFT) from a single incremental cycle ergometry test in one cyclist. (a) 
Time plot of the sEMG recording obtained in the cyclist during the incremental test. The black solid 
line represents the sEMG amplitude averaged every 15 bursts (sEMG signal resulting from the active 
period of the vastus lateralis in each pedal thrust). (b) Regression lines corresponding to the sEMG 
amplitude vs. time relationship for each power output. The highest power output with a non-significant 
slope was 375 W (P>0.05), whereas the lowest power output with a significant slope was 400 W 
(P<0.05). The PWCFT (387.5 W) is calculated as the average of these two power outputs. 
 
Fig. 2 Time plot of a surface electromyographic (sEMG) recording obtained in one cyclist from the 
vastus lateralis during the constant-workload test. Note that sEMG amplitude remained approximately 
constant except during the last minute of the test. The black solid line represent the sEMG amplitude 
averaged every 15 bursts. The grey dashed line is the regression line of the sEMG vs. time 
relationship. 
 
Fig. 3 Group data (mean ± SEM) of sEMG amplitude (a) heart rate (b) and blood lactate (c) as a 
function of the percentage of total time completed during a constant-workload test performed at the 
power output corresponding to 100% PWCFT. # Significantly higher than the value at 10% of the total 
time completed at P < 0.05. 
 
Table 1. Anthropometric (mean ± SD) and physiological characteristics of the participants (N = 16) 
calculated from the incremental test. 
 
Table 2. Correlation matrix for the power outputs of the fatigue thresholds (N = 16). * indicates that 
the correlation was significant (P < 0.05). 
 
Table 3. Results (mean ± SD) of the constant-workload test (N = 16). Blood lactate, heart rate and 
sEMG amplitude are expressed as relative percent of the maximal values obtained during the 
incremental-workload test (max). 
Page 42 of 48 
PE
ER
 RE
VIE
W 
CO
PY
 
 
 
 
 
 
 
 
 
Th
e J
ou
rna
l o
f S
po
rts
 M
ed
icin
e a
nd
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ph
ysi
ca
l F
itn
es
s
The Journal of Sports Medicine and Physical Fitness
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
  
1 
 
 
 
 
 
 
 
     Variables  Mean (SD)  Range 
Age (years)  21.7 (2.9)  18.3 – 28.5 
Body weight (Kg)  71.3 (4.9)  62.4 – 79.4 
Height (m)  1.81 (0.06)  1.71 – 1.92 
VT (L min-1)  3.3 (0.6)  1.9 – 4.4 
RCP (L min-1)  4.6 (0.5)  3.4 – 5.6 
O2peak (L min
-1)  5.1 (0.4)  4.5 – 5.9 
Heart rate at end of exercise (beats min-1)  198 (8)  183 – 212 
Blood lactate at end of exercise (mmol L-1)  12.1 (5.0)  7.7 – 14.8 
sEMG amplitude at end of exercise (µVrms)  572 (59)  369 – 843 
Power at end of exercise (W)  406 (36)  325 – 450 
 
 (Table 1) 
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      Variables  OBLA (W) VT (W) RCP (W) PWCFT (W) 
OBLA (W)  1.00    
VT (W)  0.28 1.00   
RCP (W)  0.42 0.87 * 1.00  
PWCFT (W)  0.31 0.78 * 0.85 * 1.00 
 
 (Table 2) 
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    Variables  Constant-workload test  
Duration of the test (s)  513 (54)  
Power (W)  372 (27)  
sEMG amplitude at the end of exercise (%max)  72 (5)  
Heart rate at the end of exercise (%max)  95 (4)  
Blood lactate at the end of the exercise (%max)  93 (5)  
 
 (Table 3) 
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